decreased when visual amplitude was increased, reflecting an intramodal visual effect. In contrast, when vibration was turned on/off, leg gain relative to vision was equivalent in individuals with PD, indicating no reweighting of visual information when proprioception was disrupted through vibration (i.e., no intermodal effect). Trunk and leg angle gain relative to GVS also showed no reweighting in individuals with PD. These results are in contrast to previous results with healthy adults, who showed clear intermodal effects in the same paradigm, suggesting that individuals with PD not only have a proprioceptive deficit during standing, but also have a cross-modal sensory fusion deficit that is crucial for upright stance control.
Introduction
Parkinson's disease (PD) is a progressive degenerative disease manifested by tremor, rigidity, bradykinesia, and postural instability. Gait in patients with PD is often described as stiff with limited arm swing and short hesitant steps that are sometimes quick (festinating). Postural instability is usually a relatively late symptom of the disease, and one that is not amenable to current medical or surgical therapy (Bloem 1992; Koller et al. 1989) , although some improvement in balance has been reported with bilateral subthalamic stimulators (Houeto et al. 2000) . At the same time, PD patients exhibit poor orientation to vertical, often assuming a stooped posture with progression of the disease. Patients experiencing postural instability are at increased Abstract Parkinson's disease (PD) is a progressive degenerative disease manifested by tremor, rigidity, bradykinesia, and postural instability. Deficits in proprioceptive integration are prevalent in individuals with PD, even at early stages of the disease. These deficits have been demonstrated primarily during investigations of reaching. Here, we investigated how PD affects sensory fusion of multiple modalities during upright standing. We simultaneously perturbed upright stance with visual, vestibular, and proprioceptive stimulation, to understand how these modalities are reweighted so that overall feedback remains suited to stabilizing upright stance in individuals with PD. Eight individuals with PD stood in a visual cave with a moving visual scene at 0.2 Hz while an 80-Hz vibratory stimulus was applied bilaterally to their Achilles tendons (stimulus turns on-off at 0.28 Hz) and a ±1 mA bilateral monopolar galvanic stimulus was applied at 0.36 Hz. The visual stimulus was presented at different amplitudes (0.2°, 0.8° rotation about ankle axis) to measure: the change in gain (weighting) to vision, an intramodal effect; and a simultaneous change in gain to vibration and galvanic stimulation, both intermodal effects. Trunk/leg gain relative to vision risk of falls resulting in traumatic injuries and are usually dependent on the use of assistive devices such as walkers. In addition, freezing and gait hesitation usually occur relatively late in the disease and can be quite debilitating even when the other symptoms of the disease, such as increased stiffness, are well treated medically. PD is traditionally regarded as a primarily hypo-dopaminergic syndrome, with symptoms resulting mostly from loss of dopamineproducing neurons in the substantia nigra, which is the part of the basal ganglia. Postural instability is thought to be caused by disturbed motor programming in the basal ganglia. Balance impairment by postural instability is the most disabling feature of PD, increasing risk of falls which may result in traumatic injury and loss of independence (Grimbergen et al. 2009 ).
One of the main factors that may contribute to poor balance control in individuals with PD is a proprioceptive deficit (Benatru et al. 2008; Horak et al. 2005; Schieppati et al. 1994; Mesure et al. 1999; Nieves et al. 2001; Keijsers et al. 2005; Rickards and Cody 1997; Zia et al. 2002; Jacobs and Horak 2006; Vaugoyeau et al. 2011) . Proprioceptive deficits can be present even at early stages of the disease, but become more prevalent and worsen with disease progression. These deficits were originally observed during pointing or targeting tasks with arm movement in patients with PD. For example, Keijsers et al. showed that patients with PD undershoot targets with eyes closed when asked to reproduce an arm movement guided passively, suggesting that PD patients have deficits not only in motor performance, but also in the processing of proprioceptive information. Proprioceptive deficits are observed even with very mild symptoms of PD, and deficits in the use of visual feedback develop progressively in later stages of the disease (Keijsers et al. 2005 ). Rickards and Cody investigated the extent to which proprioceptive information is used to guide slow voluntary wrist movements in patients with PD using muscle vibration. They found that PD patients showed a reduced undershooting of the wrist movement by applied vibration, suggesting proprioceptive deficits which may contribute to motor performance deficits (Rickards and Cody 1997) . Zia et al. compared proprioceptive deficits of PD patients with those of control subjects in the perceptual task of identifying unilateral elbow-joint position under passive and active conditions. Their results showed that PD patients undershot the target under both active and passive conditions. They concluded that a quantitative impairment of joint position sense occurs in PD, suggesting that this deficit may contribute to the postural instability problems encountered in individuals with PD (Zia et al. 2002) .
The relationship between a proprioceptive deficit and poor balance control was investigated by Jacobs and Horak (2006) , who found that subjects with PD exhibited abnormally short compensatory steps in response to external postural perturbations. They argued that these short compensatory steps were due to abnormal proprioceptivemotor processing and showed that visual targets led to longer compensatory steps, suggesting that visual input can compensate for the proprioceptive deficit. Vaugoyeau et al. (2011) also investigated the relationship between proprioceptive impairment and postural control in PD during standing on a moving supporting platform with/without visual information. They compared the postural performances of their two groups of subjects with and without vision to determine whether the PD patients make greater use of visual information than normal subjects for postural control. The PD patients' ability to respond to oscillations applied to the supporting platform improved when their eyes were open, without reaching the performance levels of the control subjects. These results showed that PD patients, unlike the control subjects, were unable to properly control their postural orientation on the basis of the available sensory information (i.e., proprioceptive and vestibular information) and PD patients' increased visual dependence, reflecting an adaptive strategy to compensate for their proprioceptive deficit (Vaugoyeau et al. 2011) . Despite these studies linking a proprioceptive deficit to poor balance control in patients with PD, their poor mobility may involve more than proprioception alone.
Postural control of human upright stance is heavily dependent upon the integration of information from multiple sensory modalities (i.e., sensor fusion) to detect center of gravity excursions and to generate appropriate muscle responses for upright stability. In order to understand how the nervous system changes the "emphasis" of a particular sensory input due to neurological injury/deficit or when environmental conditions change, numerous studies have demonstrated that sensor fusion appears to be dynamically regulated to adapt to changing environmental conditions, a process referred to as "sensory reweighting" (Horak and Macpherson 1996; Peterka 2002; Peterka and Loughlin 2004; van der Kooij et al. 2001; Kiemel et al. 2002; Oie et al. 2001 Oie et al. , 2002 Mahboobin et al. 2009 ). Most of these previous studies manipulated an individual sensory system or the combined influence of two sensory systems (e.g., Oie et al. 2002) . Recently, we developed a novel "sensory fusion (or reweighting)" paradigm that investigated sensory reweighting between the three primary modalities for postural control in healthy young individuals (Hwang et al. 2014) . While subjects stand within a "visual cave", proprioceptive information was manipulated through vibration of the Achilles tendon, and vestibular input was biased through galvanic stimulation. When the amplitude of visual input was increased, we not only found a clear decrease in the emphasis on visual input (an intramodal effect), but we also found simultaneous intermodal visual-proprioceptive and visual-vestibular reweighting effects, illustrating the dynamic interplay between the three primary modalities for control of upright posture (Hwang et al. 2014) . Here, we expand this paradigm to individuals with PD, which may have implications for therapy directed at recovery of postural stability and functional mobility. We investigated how PD affects sensor fusion of multiple modalities through simultaneous stimulation of all three modalities while standing.
Experimental procedure Experimental methods

Subjects
Eight patients with PD (5 males and 3 females; weight 76 ± 16 kg, height 168.4 ± 14.0 cm, aged 66.3 ± 8.6 years, and PD stage 1.75 ± 0.75) with all on medication participated in the study. They all reported no musculoskeletal injuries or neurological disorders that might affect their ability to maintain balance. Individuals with PD were excluded from the study if they had a diagnosis of dementia, were being treated with an agent for dementia, or had a mini-mental state exam (MMSE) <25. Additional exclusion criteria were: (1) pregnancy, (2) electrical implants (e.g., pacemaker), (3) epilepsy, (4) actively bleeding tissue, and (5) contraindication of electrical stimulation. All PD subjects were referred directly and clinically evaluated from Dr. Stephen Grill, Director of the Parkinson's Disease and Movement Disorders Center in Elkridge, MD, USA. Experimental procedures were approved by the Institutional Review Board at the University of Maryland, and all the subjects gave written informed consent to participate as approved by the committee.
Visual, proprioceptive, and vestibular sensory perturbations
The visual perturbation was displayed with a visual cave, which consisted of three 2.67 × 3.33 m screens (Fakespace, Inc, Marshalltown, Iowa, USA) that were rear-projected (JVC DLA-M15U, Victor Company, Japan). The visual display consisted of 500 randomly distributed white triangles (3.4 × 3.4 × 3 cm) on a black background. To reduce aliasing effects in the foveal region, no triangles were displayed within a horizontal band of ±5° at eye height. The frame rate of the visual display was 60 Hz. Visual scene movement was displayed as a rotation around the ankle joint in the anterior-posterior direction (i.e., sagittal plane). Visual scene movement was presented at different amplitudes (0.2° and 0.8° rotation about ankle axis) at 0.2 Hz to measure: the change in response to vision, an intramodal effect; and a change in response to vibration and galvanic stimulation, both intermodal effects. The response to each stimulus was measured by gain and phase, as described below in "Analysis" section. For the proprioceptive perturbation, bilateral vibration of Achilles tendons was applied through two 20-mm vibrator motors, driven at 80 Hz and 1 mm amplitude displacement. While vibration is a common technique, it is typically used in an always-on or always-off manner (e.g., Capíková et al. 2006) . For this study, we designed the vibrator to turn on and off quickly to approximate a square-wave periodic stimulus of a specified frequency with equal on and off time durations. The vibrators were enclosed in a hollow rectangular PVC container (3.5 × 3.8 × 3.5 cm) with a flexible recessed surface mounted on the contact face for comfortable fitting around the Achilles tendon. The enclosure was held in place by an elastic strap. The proprioceptive sensory perturbation was applied to different conditions (standing with vibration or standing without vibration) at 0.28 Hz. For the vestibular perturbation, two linear isolated stimulators (Biopac Systems Inc, Goleta, California, USA) were used as a binauralmonopolar galvanic vestibular stimulation (GVS). Independent stimuli were delivered to each side via a pair of circular electrodes secured over the mastoid process with an elastic headband and 2 cm ipsilateral to the T2 spinous process (Day et al. 2010) . The electrodes were secured using adhesive tape, and conductive electrode gel was applied at the electrode-skin interface to improve conductance. GVS consisted of a ±1 mA sinusoidal galvanic stimulus at 0.36 Hz, and the polarity of stimulation was always the same for the two sides (binaural-monopolar GVS) to perturb subjects in the sagittal plane. GVS was applied to subjects in every trial of all conditions. Different frequencies for each stimulus were chosen so that we could measure a response to each modality independently and so that they did not share common low-order harmonics. Figure 1 shows an example of a trial showing the stimulus signals and segment angles used for signal processing.
Experiment setup
The experiment setup for visual, proprioceptive, and vestibular sensory perturbations was identical to Hwang et al. (2014) to allow comparison with young healthy adults. Subjects stood in the middle of a visual cave and faced the front wall, as shown in Fig. 2 . Subjects assumed a foot position with heels at a distance of ~11 % of their heights and an angle of 14° between each foot and the mid-line (McIlroy and Maki 2007) . The instruction to the subjects was to look straight ahead at the front screen and stand upright comfortably. Foot position was marked in order to be consistent throughout the experiment. Subjects were tested in four conditions: standing with low-amplitude visual scene movement-vibration-GVS (L-V-G), standing with low-amplitude visual scene movement-GVS-no vibration (L-G), standing with high-amplitude visual scene movement-vibration-GVS (H-V-G), and standing with high-amplitude visual scene movement-GVS-no vibration (H-G). Four trials, a trial from each condition, were run in randomized order and repeated five times for a total of 20 trials for each subject. The length of each trial was 125 s with 5 s added at the beginning and end of each trial (total 135 s) to allow the visual and vestibular sensory perturbations to ramp up and ramp down; data during the ramp-up and ramp-down were not used for analysis. The ramp was not applied to the vibration signal because of the electronic functional limitation of the vibrator to turn on and off quickly to approximate a square-wave periodic stimulus.
Kinematics
Kinematics were captured by Vicon MX digital optical motion capture system with six infrared cameras (Vicon, UK). The head (the temple), shoulder (the scapula), hip (the greater trochanter), knee (the lateral femoral condyle), ankle (the lateral malleolus), and foot (the first metatarsal head) were measured by attaching reflective markers on the right side of the subject to measure subject's anterior-posterior movement in the sagittal plane. The leg angle θ 1 (t) and trunk angle θ 2 (t) with respect to vertical were determined by the anterior-posterior (AP) and vertical displacements of the shoulder, hip, and ankle markers, as seen in Fig. 3 . Kinematics were sampled at 120 Hz. 
Analysis
Spectral analysis
For any two signals x(t) and y(t), the power spectral densities (PSDs) p xx (f) and p yy (f) and cross-spectral density (CSD) p xy (f), where f is frequency, were computed using Welch's method (Bendat and Piersol 2000) with 50-s Hanning windows and 50 % overlap and then averaged across trials. Note that 25 s is an integer multiple of the periods of all three perturbation signals, so the 50-s window contains an integer number of cycles of each perturbation signal. The frequency response function (FRF) is the CSD divided by the PSD of the input. Gain, the absolute value of the FRF, is the amplitude of the output divided by the amplitude of the input at each driving frequency. For example, if the amplitudes of a segment angle response and the visual perturbation at the driving frequency are the same, the unitless gain (°/°) will equal one. Phase of the FRF is a measure of the temporal relationship between the input and output; the output may lead the input (positive values) or lag behind it (negative values). Bootstrap standard errors were also computed for gains and phases using 1000 bootstrap resamples (Zoubir and Boashash 1998) .
Statistical analysis
In order to determine effects due to a change in visual amplitude and effect due to vibration on/off, values for gain/phase of leg angle θ 1 (t) and trunk angle θ 2 (t) relative to the visual stimulus, and GVS were assessed through a Vision (low vs. high amplitude) × Vibration (on-off) two way repeated-measures ANOVA. For the vibration perturbation, differences in gain/phase of leg and trunk angle relative to vibration were compared between low-and high-amplitude visual conditions (L-V-G vs. H-V-G) by a paired t test (gain/phase cannot be measured with vibration off). Statistical significance was accepted at p < 0.05. 
Results
Gain
Gain responses to visual amplitude change
In Fig. 4a , leg gain relative to vision decreases from the L-V-G condition to the H-V-G condition or the L-G condition to the H-G condition [F (1,7) = 26.2, p < .01] in individuals with PD, reflecting a clear intramodal downweighting of vision as visual scene amplitude increased. This result is consistent with previous studies conducted with healthy adults (cf., Kiemel et al. 2006; Peterka 2002; Oie et al. 2002; Hwang et al. 2014 ). This intramodal downweighting of vision is also observed for trunk gain [F (1,7) = 40.0, p < .001] in Fig. 4b .
There was no significant change in leg or trunk gain relative to the GVS stimulus in individuals with PD, as shown in Fig. 4c, d . There were also no significant intermodal effects on vibration gain relative to a change in visual amplitude, as shown in Fig. 4e , f.
Gain responses to vibration on/off
Intramodal effects are not observable with vibration because a gain response cannot be measured with vibration turned off. However, the effect of turning vibration on/off was clearly observed through intermodal effects on visual and GVS stimulation in healthy adults (Hwang et al. 2014) . These intermodal effects in healthy adults suggest that vibration changes processing of proprioceptive information at the foot/ankle, forcing the nervous system to compensate by upweighting vision and vestibular information from L-G to L-V-G and H-G to H-V-G conditions (Hwang et al. 2014) . Figure 4a shows that leg gain relative to vision was equivalent regardless of whether vibration was on or Fig. 4 Gain of segment angles relative to vision, GVS, and vibration, showing intramodal visual reweighting in both segments (blue solid line) and intermodal visual-proprioceptive reweighting only in the trunk segment (red dashed line). The blue line indicates significant gain responses relative to a change of visual amplitude (intramodal reweighting) and the red line indicates significant gain responses relative to vibration on-off (intermodal reweighting). Asterisks indicate significance levels (** for p < .01). a Gain of the leg segment angle relative to vision. b Gain of the trunk segment angle relative to vision. c Gain of the leg segment angle relative to GVS. d Gain of the trunk segment angle relative to GVS. e Gain of the leg segment angle relative to vibration. f Gain of the trunk segment angle relative to vibration. Error bars denote bootstrap standard errors (color figure online) off in individuals with PD, indicating no reweighting of visual information relative to the legs when proprioception was disrupted through vibration. Trunk gain relative to vision was upweighted when vibration was on as shown in Fig. 4b [F (1,7) = 14.2, p < .01]. We did a segment by condition ANOVA to see a distinction in visual reweighting across segments, and there was a significant distinction in visual reweighting across segments when vibration was on in individuals with PD [F (2,63) = 3.484, p < .05]. This distinction suggests a proprioceptive deficit in the legs that is not observed in the trunk during standing. Additionally, Fig. 4c, d shows that leg and trunk gain relative to GVS showed no change in individuals with PD when vibration was turned off. These results suggest that individuals with PD not only have a proprioceptive deficit (particularly in the legs) during standing, but also have a cross-modal sensory fusion deficit that is crucial for upright stance control. 
Phase
Phase of the leg/trunk segments relative to each of the sensory stimuli shown in Fig. 5 indicated no differences across conditions. However, absolute differences in phase were observed relative to the mode of sensory stimulation. Both leg and trunk segment angles displayed similar phase lags of 25°-30° relative to vision. Relative to the GVS stimulus, both leg and trunk phase of individuals with PD were advanced by 30°-45°. In addition, both leg and trunk phase of individuals with PD were advanced by 60°-70° relative to vibration.
Discussion
In this study, we simultaneously perturbed upright stance with all three modalities, to understand how visual, vestibular, and proprioceptive feedback are reweighted so that overall feedback remains suited to stabilizing upright stance in individuals with PD. We found evidence of a proprioceptive deficit during standing, consistent with previous studies (Benatru et al. 2008; Horak et al. 2005; Schieppati et al. 1994; Mesure et al. 1999; Nieves et al. 2001; Keijsers et al. 2005; Rickards and Cody 1997; Zia et al. 2002; Jacobs and Horak 2006; Vaugoyeau et al. 2011 ). In addition, we also found that PD affects sensory fusion of multiple modalities, indicating a problem with central processing of sensory information in individuals with PD.
Problem with Postural Control in PD is not the ability to generate movement but perception of movement
Postural control is defined as the process of regulating the body's position in space for the purpose of achieving an upright and stable stance (Shumway-Cook and Woollacott 2001). As such, effective postural control requires both perception and action. 'Perception' refers to the detection and integration of sensory information to evaluate the position and motion of the body with respect to the environment. 'Action' refers to the body's ability to produce forces for controlling body position systems (Shumway-Cook and Woollacott 2001). Thus, perception and action are dependent upon communication and interaction between the body's neural and musculoskeletal systems. Neural components of postural control include motor processes, sensory processes, and high-level integrative processes. Musculoskeletal components include joint range of motion, spinal flexibility, muscle properties, and the biomechanical relationships among body segments. Efficient communication between these systems is crucial if stability is to be maintained during the performance of daily activities. Thus, the body's systems for postural control communicate via feed-forward and feed-back inputs to ensure that the ultimate goal of postural control is achieved: to detect and correct disruptive movements that surpass the body's stability limits to prevent an injurious fall episode (Cooper 2005) . Typically, balance impairment by postural instability is one of the most disabling features of PD, which may increase risk of falls resulting in traumatic injuries and loss of independence. For individuals with PD, an important component of their inability to generate appropriate movement may be the detection and integration of sensory information to evaluate the position and motion of the body with respect to the environment as 'perception'. Several studies have demonstrated that PD patients have a proprioceptive deficit, i.e., the perception problem, which can be present even at diagnosis or early stages of the disease, but becomes more prevalent with the progression of PD (Keijsers et al. 2005; Rickards and Cody 1997; Zia et al. 2002; Jacobs and Horak 2006; Vaugoyeau et al. 2011) . Here, we found that a sensory reweighting deficit might be a main factor contributing to this perception problem in individuals with PD.
Our results showed consistent intramodal reweighting of trunk/leg gain relative to a visual perturbation in individuals with PD. When visual amplitude increased from the L-V-G to the H-V-G conditions or from the L-G to the H-G conditions, trunk/leg segment gain relative to vision decreased, suggesting downweighting of vision that is consistent with previous studies (Peterka 2002; Kiemel et al. 2006; Oie et al. 2002) . However, intermodal effects were sparse. The only evidence of intermodal reweighting was observed in trunk gain relative to vision, which showed a decrease with vibration OFF compared to the vibration ON conditions (L-V-G vs. L-G and H-V-G vs. H-G in Fig. 4) .
The limited evidence for intermodal reweighting effects in individuals with PD contrasts with that observed in healthy adults (Hwang et al. 2014) . Under the same conditions of simultaneous 3-modality stimulation, healthy adults showed an increase in trunk/leg gain relative to the galvanic stimulus with the increase in visual amplitude, suggesting an intermodal upweighting of the vestibular information to compensate for visual downweighting. Individuals with PD showed no reweighting of vestibular information.
In addition, intermodal effects of vibration on trunk/leg gain relative to the visual and vestibular information were much weaker in individuals with PD compared to healthy adults. In Hwang et al. (2014) , healthy adults showed an increase in leg and trunk gain relative to the visual and GVS stimuli from the L-G and H-G conditions to the L-V-G and H-V-G conditions, respectively, indicating that the visual and vestibular modalities are upweighted when vibration is turned on. This suggests an intermodal visual-proprioceptive reweighting effect and an intermodal vestibular-proprioceptive reweighting effect. These intermodal effects are observed because vibration changes proprioceptive inputs at the ankles, thereby making these inputs a less reliable indicator of self-motion. Disruption of proprioception, even locally at the ankles, seems to affect visual and vestibular processing much more than a change in visual stimulus amplitude affects proprioception. This intermodal asymmetry emphasizes the delicate interplay between the modalities. The interplay of intramodal (vision) and intermodal (proprioceptive and vestibular) effects reflect a central "sensor fusion" process that continuously incorporates sensory input to generate the most reliable estimates of self-motion for the maintenance of upright equilibrium (Hwang et al. 2014) . In contrast, leg gain relative to the visual and GVS stimuli was equivalent regardless of whether vibration was on or off in individuals with PD, indicating no reweighting of visual information and vestibular information in the legs when proprioception was disrupted through vibration. Trunk gain relative to vision was upweighted alike in healthy adults and individuals with PD when vibration was on. However, leg and trunk gain relative to GVS showed no reweighting in individuals with PD, unlike healthy adults (Hwang et al. 2014 ). These results suggest that individuals with PD not only have a proprioceptive deficit (particularly in the legs) during standing, but also have a cross-modal sensory fusion deficit that is crucial for upright stance control. In contrast, healthy adults reweight their sensory information (i.e., sensory reweighting) across multi-segments appropriately according to changing conditions of environment.
Intermodal upweighting of the proprioceptive channel was not observed in both groups. This may be due to the "local" nature of the vibratory stimulus. While the visual and vestibular modalities are anatomically organized so that a stimulus can bias the entire peripheral organ, muscle spindles are distributed throughout the musculature. A vibration localized to the Achilles tendon biases the sensory signals from an important muscle group related to posture, but there are many other muscles that play an active role in maintaining upright stance. Thus, intermodal effects of visual change on proprioception may be difficult to achieve, even in healthy adults, because the bias is distributed across many proprioceptive sensors and in different body segments (Hwang et al. 2014) .
We also observed effects based upon body segment as the trunk and leg segments respond differently to different types of stimuli in each group. Intramodal and intermodal effects on visual gain were almost equivalent across the leg and trunk segments in healthy adults (Hwang et al. 2014) , whereas intramodal and intermodal effects on visual gain were shown in only trunk segments in individuals with PD. This is consistent with the view for healthy adults that although the nervous system interprets visual information in the context of multi-segment dynamics, responses to visual information involves a single control signal that determines the activation of all muscles (Kiemel et al. 2008 (Kiemel et al. , 2011 . Because the human postural control loop consists of multiple components in closed feedback loop, it is difficult to answer why the sensory reweighting deficit in legs was shown particularly rather than the trunk without identifying each component of human postural control loop. It could be due to any combination of three components: different biomechanical properties (i.e., stiffness and rigidity) of body segments, the control strategy which is a process within the feedback component of the control loop, and the sensory direct effect of the visual perturbation. Through the system identification of the human postural control loop, we might be able to evaluate the contribution of each component to the observed difference between legs and the trunk in PD (Hwang et al. 2016) .
Central processing deficit with sensory reweighting deficit in PD: basal ganglia plays a role?
The central processing of sensory information ensures the production of a motor plan for task execution that is appropriate to the sensory environment (Allison and Jeka 1994) . Equilibrium control depends on the continual updating and prioritization of sensory information generated by the environment. The process of updating and prioritizing sensory information for postural control is referred to as sensory reweighting (Allison and Jeka 1994) . In spite of our finding about sensory reweighting deficit in PD in this study, the question as to whether this deficit is of central origin still remains to be answered.
Previous clinical studies have demonstrated that the basal ganglia play a prominent role in sensorimotor functions and action selection, both of which require the integration of multisensory information. For example, Nagy et al. (2006) provided evidence that caudate nucleus (CN) and substanitia nigra (SN) neurons integrate multisensory information through recordings of neuronal responses in CN and SN of anaesthetized cats to visual, auditory, or somatosensory stimulation alone and in multisensory combinations. Recently, multisensory integration in the mouse striatum was also found through whole-cell recordings in mouse dorsal striatum during presentation of tactile and visual stimuli (Reig and Silberberg 2014) . All recorded neurons responded to bilateral whisker stimulation, and a subpopulation responded to visual stimulation, suggesting that striatum acts as a sensory "hub" with specialized functional roles for different types of neurons. Typically, postural instability is thought to be caused by disturbed motor programming within the basal ganglia. Automatic control of postural muscle tone and postural reflexes are modulated by the basal ganglia via their direct connections with the brainstem (Takakusaki et al. 2004) . PD is traditionally regarded as a primarily hypo-dopaminergic syndrome, with symptoms resulting mostly from loss of dopamineproducing neurons in the substantia nigra, which is the part of the basal ganglia. Previous clinical evidence implicates the basal ganglia as being critical for central processing, particularly for the integration of sensory information, for postural control. Therefore, we suggest that the sensory reweighting deficit in PD is thought to be caused by a deficit in the basal ganglia which plays a role in integration of multiple sensory information and motor programming.
Age effect in sensory fusion
The multisensory reweighting deficit of individuals with PD in this study is potentially an age effect. However, previous results have shown intact sensor fusion during standing in older adults. Allison et al. (2006) examined multisensory reweighting in healthy and fall-prone older adults using quantitative methods that have previously demonstrated sensory reweighting during standing in young adults. Both healthy and fall-prone older adults demonstrated the same pattern of adaptive gain change as healthy young adults. Like the young adults, both elderly groups displayed clear evidence of intra and intersensory reweighting to both vision and touch motion stimuli. They suggested that the central sensory reweighting adaptation process remains intact in healthy and fall-prone older adults with sufficiently intact peripheral sensation (Allison et al. 2006 ). Even though their study design was different from the current study, there is no current evidence that age for adult subjects is a factor in multisensory fusion during standing. Further investigation of multisensory reweighting in older adults using the current 3-modality paradigm to resolve the aging effect in multisensory reweighting is needed.
Conclusion
In this study, we demonstrated intramodal and intermodal effects by simultaneous manipulation of the three sensory modalities that are critical for upright stance control in individuals with PD. Individuals with PD showed severe reweighting deficits, not only in the proprioceptive channel, as the literature suggests, but in the vestibular channel as well. More importantly, our paradigm is able to detect not just deficits in processing a single modality, but is able to detect deficits in fusing the different modalities, through intermodal effects. We argue that in order to design better treatments for balance disorders, such knowledge is critical. For example, if PD patients are found to be deficient in reweighting a particular sensory input, rehabilitation could be focused on training modalities which they are able to upweight for better control of upright balance.
